Abstract Ischemic stroke leads to cellular dysfunction, cell death, and devastating clinical outcomes. The cells of the brain react to such a cellular stress by a stress response with an upregulation of heat shock proteins resulting in activation of endogenous neuroprotective capacities. Several members of the family of small heat shock proteins (HspBs) have been shown to be neuroprotective. However, yet no systematic study examined all HspBs during cerebral ischemia. Here, we performed a comprehensive comparative study comprising all HspBs in an animal model of stroke, i.e., 1 h transient middle cerebral artery occlusion followed by 23 h of reperfusion. On the mRNA level out of the 11 HspBs investigated, HspB1/Hsp25, HspB3, HspB4/αA-crystallin, HspB5/αB-crystallin, HspB7/cvHsp, and HspB8/Hsp22 were significantly upregulated in the peri-infarct region of the cerebral cortex of infarcted hemispheres. HspB1 and HspB5 reached the highest mRNA levels and were also upregulated at the protein level, suggesting that these HspBs might be functionally most relevant. Interestingly, in the infarcted cortex, both HspB1 and HspB5 were mainly allocated to neurons and to a lesser extent to glial cells. Additionally, both proteins were found to be phosphorylated in response to ischemia. Our data suggest that among all HspBs, HspB1 and HspB5 might be most important in the neuronal stress response to ischemia/reperfusion injury in the brain and might be involved in neuroprotection.
Introduction
Stroke, an ischemic insult of the brain, is a leading cause of permanent disablement worldwide. Brain tissue is damaged on the one hand through ischemia caused by the artery occlusion. On the other hand, reperfusion after ischemia leads to additional tissue damage due to the generation of reactive oxygen species and subsequent inflammation after reoxygenation. The consequence is neuronal dysfunction and neuronal death. Neural cells try to cope with such stress events by endogenous cytoprotective mechanisms such as upregulation of heat shock proteins which prevent irreversible denaturation of proteins, counteract inflammation, or are able to inhibit apoptosis (Ritossa 1962; Stetler et al. 2010; Welch 1992) . Heat shock proteins are classified into several protein families according to their molecular weight. Small heat shock proteins, called HspBs, are defined by their small molecular weight (12-43 kDa) and a characteristic, highly conserved α-crystallin domain (Kampinga et al. 2009; Kappe et al. 2003) . This subgroup consists of ten family members, named HspB1 through HspB10, although many of them have alternative names related to their molecular weight or the tissue of their preferential expression. An 11th family member, HspB11, is still controversially discussed to belong to the HspB family or not (Bellyei et al. 2007 ; Kappe et al. 2010) but was nevertheless included in our study. The main function of HspBs is to prevent irreversible protein aggregation and denaturation by keeping partially unfolded proteins in a Electronic supplementary material The online version of this article (doi:10.1007/s12192-017-0794-9) contains supplementary material, which is available to authorized users.
folding-competent state. For active refolding after the stress event, other ATP-dependent chaperones, such as Hsp70, are needed (Haslbeck et al. 2005; MacRae 2000) . In addition to this chaperone function, several HspBs also exhibit antiapoptotic (HspB1, HspB2, HspB4, HspB5, HspB6) or antiinflammatory (HspB5) functions (Kamradt et al. 2002; Mehlen et al. 1996; Oshita et al. 2010; Ousman et al. 2007; Wagstaff et al. 1999) .
HspBs are cytoprotective and vary in their expression pattern between tissues. Many of them are ubiquitously expressed with preferential expression in some tissues or organs whereas other HspBs show a specific expression in just one organ (Bhat and Nagineni 1989; Kirbach and Golenhofen 2011) . For example, HspB4/αA-crystallin and HspB5/αB-crystallin are very abundant in the eye lens being important for maintaining lens transparency by their chaperone-like activities (Horwitz 2000) . Other HspBs are preferentially expressed in muscle tissue, and their cardioprotective role is well documented (Golenhofen et al. 1998; Golenhofen et al. 2006; Ray et al. 2001; Sugiyama et al. 2000) . In the brain, some HspBs are reported to be expressed but only at low levels (Kirbach and Golenhofen 2011; Quraishe et al. 2008 ). However, they can be upregulated by cellular stress events as well as in certain types of neurodegenerative diseases. Several reports suggest a neuroprotective role of HspBs (Akbar et al. 2003; Golenhofen and Bartelt-Kirbach 2016; Stetler et al. 2008) .
During ischemia/reperfusion injury of the brain, the two best characterized HspBs, HspB1/Hsp25 and HspB5/αB-crystallin, have been studied. Both proteins were shown to be upregulated in ischemic and peri-infarct areas of the brain. Especially, HspB1 seems to have strong neuroprotective effects as HspB1 overexpression was shown to reduce infarct volume in animal models of transient or permanent brain ischemia (Badin et al. 2006; Shimada et al. 2014; van der Weerd et al. 2010) . However, yet no systematic study exists investigating all HspB family members. We have previously shown that HspB1, HspB2, HspB3, HspB5, HspB6, HspB8, and HspB11 are expressed in rat brain under control conditions (Kirbach and Golenhofen 2011) . Thus, we intended to do a comparative comprehensive study elucidating the expression and distribution of all HspBs after ischemia/reperfusion injury in cerebral cortex. For that purpose, we used an experimental model of 1 h transient middle cerebral artery occlusion (tMCAO) in rats followed by 23 h reperfusion. Cerebral cortex tissue was then analyzed for messenger RNA (mRNA) and protein levels of HspBs as well as their cellular distribution.
Methods tMCAO
Animal care and experimental procedures were formally approved by the Review Board for the Care of Animal Subjects of the district government (North Rhine-Westphalia, Germany) and bred and maintained in a pathogen-free environment in a 12-h day and 12-h night cycle prior experiments. Food and water were available ad libitum. A total of 19 animals were used in the experiments described here.
The procedure of tMCAO operation was performed as previously described (Dang et al. 2011; Ulbrich et al. 2012) . Briefly, 12-week-old male Wistar rats (300-350 g) were anesthetized with 2% isoflurane (Abbott, Germany), and the regional cerebral blood flow (CBF) was measured on the ipsiand contralateral side during the whole procedure using Laser Doppler Flowmetry (Moor Instruments VMS-LDF2, UK). During operation, body temperature was kept constant at 37.0 ± 0.5°C. After exposure of the common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA), the vagal nerve was preserved followed by ligation of the CCA and temporarily clipping of the ECA. Directly after measuring the baseline values of CBF, a commercially available catheter (Asahi PTCA Guide Wire Soft, Abbott Vascular) was subsequently introduced from the lumen of the CCA as far as a resistance was manually observed. After the catheter reached the origin of the middle cerebral artery, an immediate drop in baseline CBF occurred. Sham animals underwent the same procedure except the insertion of the catheter. Animals which only showed a reduction of CBF 50% or less after occlusion were excluded from the study. After 1 h of transient occlusion, the catheter was removed and the CBF was restored. After tMCAO, animals were kept under a heating lap until they finally woke up. Animals were randomly assigned to experimental groups and allowed to recover for 23 h after tMCAO.
Tissue processing
After ischemia, rats were transcardially perfused with 0.1% NaCl. Brains were rapidly removed, and six consecutive coronal sections (2 mm) were prepared and stained in a 2% 2,3,5-triphenyltetrazolium chloride (TTC, Fluka, Germany) solution (15 min, 37°C). The unstained areas were defined as infarct area. TTC staining always delineates the transition zone from infarcted to non-infarcted area, thus representing the peri-infarct zone. Therefore, TTC-staining allowed to localizing the site of the transition zone which was dissected using a stereomicroscope for RNA and protein isolation. Equivalent regions were cut from the contralateral side or sham-operated animal brains.
For immunohistochemistry, animals were transcardially perfused with 2% (w/v) formaldehyde (Roth, Germany) containing 15% (v/v) saturated picric acid, pH 7.4 (AppliChem GmbH, Germany). Brains were dissected and post-fixed in the same solution overnight. Fixed brains were paraffinembedded (Merck KGaA, Germany), and 5 μm coronal sections were made.
RNA isolation and cDNA synthesis
RNA from the peri-infarct area and control tissue was isolated with the NucleoSpin® RNA/Protein Kit (Machery-Nagel, Germany) as described previously (Dang et al. 2011) . Purity of the RNA was controlled using 260:280 OD ratios (NanoDrop 1000, Peqlab, Germany). Complementary DNA was synthesized using the M-MLV reverse transcription (RT)-kit and random hexanucleotide primers (Invitrogen, Germany) using 1 μg/ml of total RNA.
Real-time PCR
Measurement of HspB expression was performed as described previously (Kirbach and Golenhofen 2011) . Briefly, 2 μl of 1:50 diluted complementary DNA (cDNA) was amplified in duplicates with the QuantiTect SYBR Green PCR Master Mix (Qiagen, Hilden, Germany) and the HspB primers used previously (Kirbach and Golenhofen 2011) in a LightCycler 1.0 (Roche Applied Science, Mannheim, Germany). cDNA from ipsilateral peri-infarct areas and corresponding contralateral areas from four animals with tMCAO and four shamoperated animals was analyzed. Expression was normalized to the geometric mean of the expression of the two reference genes cyclophilin A and Rpl13A. Threshold for expression was set at 0.1% of the reference gene expression. Afterwards, expression was normalized to the value of the respective contralateral side of the animal, and a mean value (±SEM) of all four animals was calculated. Statistical evaluation was performed with the non-parametric Mann-Whitney U test. Statistical significance was assumed for p < 0.05.
Protein isolation and Western blotting
Brain tissue was lysed with 1.5x Laemmli buffer, sonicated, and incubated at 95°C, 5 min, prior to measurement of the protein concentration by amido black staining (Heinzel et al. 1965) . Equal amount of protein was separated on 15% SDS polyacrylamide gels, followed by blotting onto Hybond nitrocellulose membranes (Amersham, GE Healthcare, Freiburg, Germany) or, in the case of HspB6, PVDF membrane (ThermoFisher Scientific, Waltham, MA, USA). Blotting was carried out in Towbin transfer buffer with SDS and 0.8 mA/cm 2 in a Mini Trans Blot® chamber (Biorad, Munich, Germany). Membranes were blocked with 5% low fat milk (unless otherwise noted) in TBS/0.05% Tween 20 for 1 h followed by incubation with the respective primary antibody (Table 1 ) diluted in the respective blocking solution at 4°C overnight. After incubation with secondary antibody (horseradish-peroxidase labeled goat anti-rabbit IgG (Jackson Immuno Research Laboratories, 1:3000) or rabbit anti-goat IgG (DAKO, #P0449, 1:2000)) for 1 h at room temperature, membranes were washed three times 5 min in TBS/0.05% Tween 20 and HRP was detected with the enhanced chemiluminescence system (Pierce ECL Western Blotting Substrate, Thermo Fisher Scientific, Waltham, MA, USA). Densitometric quantification of band intensity was carried out with ImageJ. Values obtained for HspBs were normalized to GAPDH and then calculated relative to contralateral side. Data are presented as arithmetic mean ± SEM. Statistical evaluation was performed with the nonparametric Mann-Whitney U test. Statistical significance was assumed for p < 0.05. Immunohistochemistry Paraffin-embedded coronal sections were rehydrated using a standard protocol (2 × 3 min xylol, 2 × 2 min 100% isopropyl alcohol, 2 min 95% isopropyl alcohol, 5 min 70% isopropyl alcohol, PBS). Afterwards, slices were immersed in hot 10 mM citrate buffer (pH 6.0) for 25 min. Endogenous peroxidase activity was blocked with 0.03% hydrogen peroxide in PBS/10% methanol for 10 min in the dark. Subsequently, unspecific binding sites were blocked with 0.5% Triton X-100 in PBS for 15 min followed by incubation in 3% BSA and 1% normal NGS for 1 h. Incubation with first antibody was carried out overnight at 4°C in blocking solution. The antibodies and dilution used are listed in Table 1 . After washing three times in PBS, slices were incubated with biotinylated secondary antibody (dilution 1:500) for 1 h at room temperature. 
Results mRNA expression of HspBs in the peri-infarct area of infarcted hemispheres
To investigate systematically and comprehensively all small heat shock proteins in response to cerebral infarction, we measured the mRNA levels of HspB1 to HspB11 and for comparison the inducible form of Hsp70 by real-time RT-PCR in the cerebral cortex in the peri-infarct area of infarcted hemispheres of rats subjected to 1 h of transient middle cerebral artery occlusion (tMCAO) followed by 23 h reperfusion. Figure 1 shows representative TTC-stained frontal brain sections of sham-operated and tMCAO-treated animals demonstrating the infarct spreading. Tissue samples from the periinfarct zone and the equivalent region of the contralateral hemisphere were dissected and used for isolation of RNA. From the 11 HspBs investigated, eight HspBs were expressed under control conditions (contralateral hemispheres) in cerebral cortex (Table 2) . HspB2, HspB4, and HspB10 were not expressed, defined by expression levels of less than 0.1% of reference gene expression. HspB1, HspB3, HspB7, HspB9, and HspB11 were expressed at low levels (below 1% of the reference gene expression) whereas HspB5, HspB6, and HspB8 showed high expression levels which are in concordance with our earlier findings in healthy rat brain tissue (Kirbach and Golenhofen 2011) . In response to tMCAO, HspB2, HspB6, HspB9, HspB10, and HspB11 showed no significant increase. mRNA levels of HspB3, HspB4, and HspB7 increased significantly, but levels were still below 1% of the reference gene expression; thus, it can be assumed that they play only minor roles in the ischemic stress response ( Table 2 , electronic resource 1).
Only four out of the 11 HspBs were expressed at high levels ( 10% of reference genes) after tMCAO, namely HspB1, HspB5, HspB6, and HspB8 (Table 2, Fig. 2 ) with HspB1, HspB5, and HspB8 being significantly elevated compared to the contralateral hemisphere. The strongest relative increase after tMCAO (82.4 ± 10.4), reaching 62.68 ± 13.62% of the reference gene expression was achieved by HspB1. For comparison, the inducible Hsp70 was expressed at a similarly low level as HspB1 on the contralateral side and showed an even stronger relative increase (184.2 ± 55.9).
As an additional control, the expression levels of all HspBs were also determined in sham-operated animals. No significant differences of mRNA levels of all HspBs between cortex of both hemispheres was found (electronic resource 2), and mRNA levels were in the same range as the values of the healthy contralateral cortex of animals subjected to tMCAO.
Taken together, among all HspBs, HspB1 and HspB5 are most likely to play an important role in the response to cerebral infarction with gene expression rising to more than 60% of the reference gene expression. HspB6 and HspB8 may also be involved in this process reaching levels of 13.2 and 11.3%, respectively. The expression level of all other HspBs stayed below 1% of the reference gene expression, even after tMCAO.
Protein amount of HspBs in the peri-infarct area of the cortex
To investigate if mRNA levels of HspBs corresponded to the respective protein levels, the amount of the high-expressed HspBs (HspB1, HspB5, HspB6, HspB8) and HspB11 in the peri-infarct area of the infarcted hemispheres after tMCAO and the corresponding contralateral areas were measured by Fig. 1 Representative TTC-stained frontal brain sections demonstrating the infarct spreading. TTC-stained brain sections of sham-operated (left) and tMCAO-treated (right) animals. The delineated white area in the tMCAO brain outlines the infarcted tissue. Black and white circles mark the micro-punched tissue pieces of the peri-infarct zone of the cerebral cortex (Cx) used for further biochemical and molecular analysis of the ipsi-and contralateral site. CC corpus callosum, Bg basal ganglia Western blotting (Fig. 3 ). HspB1 and HspB5 protein showed a high increase after tMCAO (36.5 ± 21.8-and 4.1 ± 1.3-fold, respectively) which fits to the elevated mRNA levels. In contrast, HspB6, HspB8, and HspB11 protein amounts did not change significantly. In sham-operated animals, no significant difference was measured between both hemispheres (electronic resource 3).
Localization of HspBs in infarcted cortex and peri-infarct area
To investigate in which cell types HspBs were expressed and upregulated in response to tMCAO, immunostaining was performed. For that purpose, coronal sections of paraffinembedded rat brains subjected to tMCAO were stained with specific HspB antibodies against HspB1, HspB5, HspB6, HspB8, and HspB11. For HspB6 no specific signals could be detected which is probably due to the low expression level or the low sensitivity of the antibody.
Figures 4, 5, and 6 show sections stained with the respective antibodies with enlargements of the core infarcted region as well as the corresponding region of the contralateral side (see also Fig. 1 for TTC-stained sections showing the area of infarction). If not noted otherwise, the staining pattern in the peri-infarct zone was similar as in the infarcted area and, thus, not shown in detail additionally.
HspB1 upregulation in the affected cortex could be clearly confirmed by this method (Fig. 4a) . Strong immunoreactivity of HspB1 was observed in glia (astrocytes) and neurons in the infarcted but not in the contralateral cortex. Neuronal signals were mainly cytoplasmic with some neuronal processes being also positive. However, in the peri-infarct zone, no labeling of neurons could be observed (not shown).
HspB1 can be phosphorylated at two positions in rat, namely serine 16 and serine 86. Since it is known from several tissues that phosphorylation often determines, its subcellular localization immunohistochemistry was additionally performed using phosphospecific HspB1 antibodies. No signals in either hemisphere were observed with the pHspB1-Ser16-specific antibody suggesting no relevant phosphorylation at this site (data not shown). For pHspB1-Ser86, an overall intense staining in the unaffected (contralateral) hemisphere with strong labeling of single glial cells could be observed. Interestingly, in the infarcted hemisphere, pHspB1-Ser86 was specifically localized in neurons (Fig. 4b) . This staining was seen in the neuronal somata as and in the nuclei. For HspB5, a diffuse staining of the healthy contralateral hemisphere could be observed with single glial cells exhibiting a stronger signal. Neurons, however, were not stained (Fig. 5a ). In contrast, in the ischemic cortex, neurons were stained prominently in the soma and in the nucleus. HspB5 is known to be phosphorylated in response to cellular Upper panels show the healthy hemisphere, lower panels the ischemic hemisphere. a HspB1, arrow points to a neuron, arrowhead to an astrocyte. b p HspB1-Ser86 Fig. 3 Protein amount of HspBs in the peri-infarct area of the cortex relative to contralateral side. Protein amount of HspBs was determined 24 h after tMCAO. a Representative Western blots and b densitometric analysis of the respective HspB normalized to GAPDH. Values are displayed in relation to the values of the contralateral side. n = 5, data presented as mean ± SEM. *p < 0.05 (MannWhitney U test) stress and has three potential phosphorylation sites, serine 19, serine 45, and serine 59. Using phosphospecific antibodies, we sought to investigate cellular localization of the phosphoforms as well. No specific signal was detected with the pHspB5-Ser45 specific antibody (not shown). Localizations of pHspB5-Ser19 and pHspB5-Ser59 are shown in Fig. 5b , c. Both antibodies stained elongated structures most likely representing neuronal processes. pHspB5-Ser19 was additionally localized in neuronal somata in the infarcted regions.
Similar to HspB1 and HspB5, HspB8 and HspB11 also showed a neuronal localization in the ischemic cortex (Fig. 6) . Thus, our data show that several HspBs are upregulated not only in glia but also in neurons after tMCAO.
Discussion
Small heat shock proteins (HspBs) are known to be neuroprotective after various cellular stress conditions such as heat, hypoxia, oxidative stress, or ischemia. In general, HspBs are upregulated in response to stress conditions and some of them are additionally regulated by their phosphorylation. The ten members of the HspB family not only share similar characteristics but also display very distinct functions. Unfortunately, most studies focus only on single family members, making it difficult to compare HspBs with each other from different studies which used different experimental models. Here, we systematically analyzed all ten HspBs and HspB11 in a rat model of 1 h tMCAO followed by 23 h reperfusion. HspB1 and HspB5 were strongly upregulated in the peri-infarct area on mRNA and protein level as reported already previously (see below). Interestingly, all the other HspBs were not regulated or reached only low amounts even after upregulation.
HspB1 (Hsp27)
HspB1 is well known to be of protective value in cerebral infarction. HspB1 transgenic mice showed significantly reduced cortical damage after permanent MCAO (van der Weerd et al. 2010 ). In addition, it was shown that intravenous injection of HspB1 in mice reduced infarct volume after tMCAO (Teramoto et al. 2013) . Our data show that HspB1 is upregulated after tMCAO in astrocytes and in neurons indicating that it protects glial cells as well as neurons. Localization of HspB1 in reactive astrocytes during ischemic conditions has been shown also by Imura et al. (1999) whereas Popp et al. (2009) described additionally neuronal expression. Interestingly, in hippocampus after ischemia, Kato et al. (1994) observed time-dependent expression of HspB1 in different cell types. Whereas 1 day after ischemia, HspB1 was found in CA1 pyramidal neurons, and after 3 and 7 days, it was localized in reactive glia. In a model of kainic acid- induced seizure activity, HspB1 was found to be expressed in control conditions in hippocampal neurons whereas it was upregulated after kainic-acid treatment in glial cells (Kato et al. 1999) . Interestingly, here we could show that HspB1 is phosphorylated at serine 86 in neurons in response to ischemia suggesting that phosphorylation might be important for the neuroprotective effect of HspB1. Indeed, injection of p h o s p h o -H s p B 1 w a s m o r e e ff e c t i v e t h a n n o nphosphorylated HspB1 in an in vivo model of tMCAO (Shimada et al. 2014) . The relevance of HspB1 phosphorylation for neuroprotection after ischemia was also ascertained by phosphorylation mutants and inhibition of protein kinase D (Stetler et al. 2012) . Protein kinase D is known to phosphorylate serine 82 of human HspB1 which is equivalent to rat serine 86 (Kostenko and Moens 2009) . Thus, our data support previous studies, emphasizing the important role of phosphoHspB1-Ser86 in neuroprotection after ischemia/reperfusion injury. Regulation of HspBs by phosphorylation is a very fast event (within minutes or hours) as known from studies of ischemic myocardium (Golenhofen et al. 1998 (Golenhofen et al. , 1999 . Thus, one might suggest that phosphorylation of HspBs might be involved in the early response whereas upregulation of the protein levels occurs with some delays and may become important after days. However, expression levels may not be solely crucial for neuroprotection. Other factors may modify and influence the stress response as it has been exemplarily shown for the process of aging (Gong et al. 2004 ).
HspB5 (αB-crystallin)
Similar to HspB1, the neuroprotective capacity of HspB5 has been reported by the use of genetically modified animal models. After experimental stroke, HspB5-/-mice are characterized by an increased lesion size compared to wild-type mice (Arac et al. 2011 ). Whereas Kato et al. (1994) did not observe significant alterations in HspB5 content after cerebral ischemia, other groups reported upregulation. In peri-lesional areas after 2 h tMCAO, HspB5 was found to be expressed in astrocytes (Imura et al. 1999) . Another group observed upregulation of HspB5 in reactive astrocytes to a later time point, namely after 2 days of reperfusion which was sustained for several days (Piao et al. 2005) . In addition, they found HspB5 also upregulated in somata and processes of pyramidal neurons of the peri-infarct zone after 1 h tMCAO and 4 h reperfusion. However, this upregulation returned to basal levels after 1 day of reperfusion. We analyzed HspB5 expression 24 h after tMCAO, which might be the reason that we did not see an upregulation of HspB5 in astrocytes reported to occur later. Interestingly, Piao et al. (2005) also found that the levels of kinases upstream of HspB5 (p38MAPK, MAPKAPK-2 (Kato et al. 1998 )) rose gradually with a peak at 4 days after MCAO. They suggested that the respective phosphorylated HspB5 might play a major role in the ischemic stress response. This fits to our finding of phosphorylation of HspB5 at serine19 and serine 59 in neurons within the infarct area. In cultured hippocampal neurons at control conditions, phosphorylation of HspB5 has been shown to occur with preferential localization of the phosphoforms within the neuronal processes (Schmidt et al. 2012) . Furthermore, we reported recently that HspB5 regulates dendritic complexity and stabilizes the dendritic tree from heat-shock induced rarefaction in a phosphorylation-dependent manner (Bartelt- . Thus, one might speculate that phospho-HspB5 protects neuronal cytoarchitecture also during ischemia/reperfusion injury in the brain.
Other HspBs
Up to now, there exist only few reports dealing with the HspBs other than HspB1 and HspB5 during cerebral ischemia. This might be due to (1) their low expression in the brain which makes it difficult to detect them by the use of antibodies and (2) the fact that they have been identified later than HspB1 and HspB5. Our real-time RT-PCR data show that HspB2 and HspB10 were not expressed in the cortex at control conditions or after tMCAO. HspB3, HspB7, HspB9, and HspB11 were constitutively expressed at very low levels with a significant induction of HspB3 and HspB7 after tMCAO. HspB4 was found to be expressed only after tMCAO. However, mRNA levels of all these HspBs even after induction were still relatively low compared to HspB1 and HspB5, suggesting that they only play a minor role in the ischemic stress response. HspB8 was expressed at similar levels as HspB1 and HspB5 but increased only on mRNA but not on protein level in the peri-infarct zone. However, it localized to neurons similar to HspB1 and HspB5. HspB8 was previously reported to be expressed in rat cortex and to be upregulated 72 h after ischemia/reperfusion injury (Tao et al. 2015) . It was also neuroprotective in a model of ischemia/reperfusion injury in cultured neuroblastoma cells by inhibiting apoptosis (Yang et al. 2015) .
mRNA and protein levels of HspB11, which is controversially discussed to belong to the HspB family (Bellyei et al. 2007; Kappe et al. 2010) , were not significantly altered in response to tMCAO in our study. This fits to previous data that HspB11 is not stress-responsive after several kinds of cellular stresses (Bartelt- Kirbach and Golenhofen 2014; Bellyei et al. 2007; Kirbach and Golenhofen 2011) . However, our immunohistochemical data show that HspB11 is localized in neurons in the peri-infarct area. Since HspB11 has been first described as an inhibitor of apoptotic cell death in various cell lines (Bellyei et al. 2007) , it might play a role in neuronal cell survival even without stress-induced induction.
In conclusion, our data suggest that among all HspBs, HspB1 and HspB5 might be most important in the neuronal stress response to ischemia/reperfusion injury in the brain since their protein levels were upregulated to the highest extent. In addition, ischemia-induced phosphorylation of HspB1 and HspB5 in neurons was observed which is thought to be important for their activation. Other HspBs seem to play a minor role in cerebral ischemia as judged by their low expression level and low degree of induction. However, some of them were allocated to neurons and, thus, may act in concert with HspB1 or HspB5 and contribute to neuroprotection.
